C
andida albicans is a normal commensal of humans, frequently colonizing our skin and mucosae. However, as an opportunistic pathogen, it is fully capable of causing disease in an everexpanding population of immunosuppressed and medically compromised patients. Candidiasis is now the third-to fourth-mostcommon nosocomial infection in U.S. hospitals, with one of the highest mortality rates among nosocomial pathogens (1) . These infections are often associated with the formation of biofilms, as different types of biomaterials used in the clinics support colonization and subsequent biofilm development by C. albicans (2) . The increase in candidiasis during the last few decades has fundamentally paralleled the increase in the use of a variety of medical implant devices, most notably catheters, which serve as a substrate for biofilm formation. This in turn causes elevated levels of resistance to host defenses and antifungal agents, thereby complicating treatment and resulting in high morbidity and mortality rates.
This biofilm lifestyle is the predominant mode of growth of microorganisms in nature and is radically different from the planktonic (free-living) state. Biofilms are highly structured consortia of microorganisms, attached to a substrate and encased within a matrix of hydrated exopolymeric material which is mostly produced by the organisms themselves. In fact, the presence of this extracellular matrix is one of the main defining attributes of the biofilm mode of growth: simply put, there is no "bona fide" biofilm without an extracellular matrix. Biofilm matrices consist of a conglomeration of different types of biopolymers, normally referred to as "exopolymeric substances" (EPS). Although the composition of the matrix varies among different microorganisms, in general, polysaccharides and proteins are the most common and abundant EPS components; however, other macromolecules such as lipids and nucleic acids seem to be almost universally present in biofilm matrices (3) . The cohesive and adhesive forces of the matrix contribute to the architectural and mechanical stability of the biofilm by mediating stable cell-cell and cell-surface interactions, essentially acting as a glue that holds the cells together. The biofilm matrix acts as a protective barrier, preventing drugs from penetrating the biofilms, and as such, it represents one of the main contributing factors to resistance against anti-infective therapies. It also protects the cells within the biofilms against other environmental insults, including desiccation, radiation, oxidation, the action of predators and host immune defenses, and plays important nutritional and metabolic functions (3).
The C. albicans biofilm matrix has been the focus of investigation since the late 1990s when studies pioneered by the Douglas research group described increased matrix production in biofilms formed under flow, investigated its contribution to antifungal drug resistance, and performed preliminary elemental analyses of matrix polymers (4, 5) . To date, studies have identified polysaccharides, proteins, and nucleic acids as the main macromolecular components of the EPS in C. albicans (6) (7) (8) . Several proteins and glycoproteins extracted from the biofilm matrix were identified using proteomic techniques (2-dimensional gel electrophoresis and mass spectrometry), but the study provided little insight into the functions of these proteinaceous materials (8) . Regarding carbohydrates, in studies mostly by the Andes research group, one critical and perhaps the best-studied component of the C. albicans biofilm matrix, ␤-1,3-glucan, has been reported to sequester antifungal molecules, basically acting as a "drug sponge" and conferring resistance to C. albicans biofilms (7, 9) . More-recent studies have described the presence of extracellular DNA (eDNA) in the C. albicans biofilm EPS, which appears to play both a structural and protective role (6, 10) . Despite this accumulated knowledge, the full composition and function of the C. albicans biofilm matrix still remain to be fully elucidated. Fully embracing this challenge, the recent article by Zarnowski et al. (11) constitutes a genuine tour de force for the comprehensive biochemical analysis of the biopolymers present in the matrix, facilitated by the use of stateof-the-art instrumentation and powerful glycomic, proteomic, and lipidomic techniques. In the process they uncover, identify, and catalog matrix components. Furthermore, their data suggest that different matrix components interact physically with each other. From a functional perspective, their findings indicate that multiple matrix constituents contribute to antifungal drug resistance and suggest that some matrix components may also play an important metabolic role in C. albicans biofilms.
Isolation of the biofilm matrix can be challenging, and it is of critical importance to adapt the extraction procedure to the specific type of biofilm under investigation. For this work, Zarnowski and colleagues (11) used a gentle-sonication solubilization protocol mostly based on extraction methods previously described by others (5, 8) in order to ensure the lack of cell leakage or cell damage. Very importantly, they used electron microscopy techniques to convincingly demonstrate that their isolation methodology specifically removes matrix, leaves the fungal cells intact, and does not extract cell wall components. After purification, and consistent with previous analyses This study reported that proteins represented the main component, far exceeding the polysaccharide content on a mass basis (11) . Using proteomic techniques, the authors identified a total of 565 different proteins in the matrix, including a few predicted to form part of the secretome, but also many secretion signal-less proteins, which suggests a noncanonical secretion pathway and/or the accumulation of proteins after cell death (12) . According to functional ontology analyses, a total of 458 distinct activities and 16 different metabolic pathways were represented, with a predominance of enzymes involved in carbohydrate and amino acid metabolism. This is highly suggestive of a putative role of the matrix as an external digestive system and as a nutritional/energy source, as previously demonstrated in the case of bacterial biofilms (3). In addition, some enzymes can be potentially involved in the degradation of structural EPS to promote the dispersion of cells from biofilms. Another intriguing possibility is that some of these enzymes may act as virulence factors during biofilm-associated infections. Somewhat surprisingly, the authors did not identify cell wall-associated proteins (such as members of the agglutinin-like sequence [ALS] family) that have been shown to play important roles in cell-cell and cell-substrate interactions during biofilm growth (13) . Thus, it would seem that there is a two-tier system for cohesive and adhesive interactions in C. albicans biofilms: one mediated by surface adhesins in the cell wall and a second one provided by the extracellular matrix itself. Interestingly, proteomic analysis of the matrix recovered from C. albicans biofilms grown in vivo demonstrated a very different proteinaceous composition, with the majority of proteins contributed by the host.
Polysaccharides represent a relatively major fraction in most biofilm matrices, and C. albicans is no exception to this rule, with carbohydrates representing about 25% of its EPS by weight (11) . The authors reported the highest degree of complexity associated with the exopolysaccharide fraction of the C. albicans biofilm matrix of all macromolecules, a not completely unexpected result. Monosaccharide analysis indicated that arabinose, mannose, glucose, and xylose constituted the four most abundant basic units of the total carbohydrate pool, although their relative abundance varied among high-and low-molecular-weight fractions prepared by size exclusion chromatography. Subsequent nuclear magnetic resonance (NMR) analysis of the different fractions detected three major polysaccharides that were similar to the main carbohydrate components of the C. albicans cell wall (14) , although their relative abundance in the matrix was different. Somewhat surprisingly, ␤-1,3-glucan, which represents the major cell wall polysaccharide and plays a major role in biofilm drug resistance comprised only a small portion of the total carbohydrate fraction of the EPS. Newly described and more abundant (about 87%) polysaccharides in the matrix included ␣-1,2 branched and ␣-1,6-mannans. Importantly, these two polysaccharides were associated with unbranched ␤-1,6-glucans in an apparent mannan-glucan complex, thus indicating a physical association between glucan and mannan residues. Imaging techniques corroborated that the distribution of EPS polysaccharides was similar in in vitro and in vivo biofilms of C. albicans.
Using lipidomics, the authors described that the matrix lipid profile included predominantly glycerolipids (99.5%) and sphingolipids (0.5%) (11) . Different fatty acids were identified on these lipids, namely, oleic and linoleic acids (in the most abundant neutral glycerolipids) and palmitoleic, palmitic, and oleic acids (in the less abundant polar glycerolipids). Consistent with a previous report (15) , small quantities of prostaglandin E 2 , a precursor of eicosanoids, were also found in the matrix, whereas ergosterol was the only sterol detected.
Finally, and from a functional perspective, radiolabeling experiments and NMR studies demonstrated the interaction of the aggregate matrix with the antifungal fluconazole, further supporting the contribution of the matrix to biofilm drug resistance (11) . Moreover, results clearly indicated that multiple matrix components contribute to antifungal drug resistance, which lead the authors to postulate that the C. albicans biofilm matrix displays "properties of an amalgam in which multicomponent interactions yield emergent properties" (11) .
The long-term challenge of studies of the biofilm matrix is colossal: to comprehensively define the identity, quantity, structure, interactions, and function(s) of complete complements of the different macromolecular components of the EPS, to understand their spatial and temporal distribution, and to characterize how they change in response to different physical, biological, and environmental conditions. Although many questions remain, the analyses and high-throughput methods described in this article represent a major step toward this end and without any doubt will serve as an excellent framework for future studies. Understanding the structure and function of the matrix components represents one auspicious path for the development of effective and much needed therapies against C. albicans biofilms.
